The radiological hazard of naturally occurring radioactive material in Mount Homa in southwestern Kenya was investigated after 210 point measurements and 44 samples were analysed. In situ measured average outdoor absorbed dose rate in air using survey meters was found to vary from 154.8 to 2280.6 nGy h , respectively. The calculated range of the annual effective dose for a person living in Homa Mountain area varied from 28.6 to 1681.2, with a mean of 470.4 mSv. All calculated average radiological indices, namely Radium equivalent, Representative level, Gamma activity, External and Internal hazard, were higher than the limits set by various national and international bodies. These results imply that Mount Homa region is a high background radiation area.
INTRODUCTION
The main sources of radiation exposure to human beings are natural and artificial radionuclides. The inescapable feature of life on earth includes radiation exposure due to terrestrial from naturally occurring radioactive material (NORM), cosmic and internal sources (1) . These exposures originate primarily from gamma radiation arising from decay of these radionuclides at locations outside the human body. External irradiation from radionuclides naturally present in the environment is an important component of the exposure of human populations. Since these radioisotopes are not uniformly distributed in nature, knowledge of their dispersal in rocks and soils enables one to assess any possible radiological hazard to occupants of the dwellings where these materials are used to construct homes. Owing to the health risks associated with the exposure to indoor radiation, many governmental and international bodies such as the International Commission on Radiological Protection (ICRP) (2) have adopted measures to minimise such exposures. The measurement of natural radioactivity due to gamma rays from the dose rate is needed to implement precautionary measures whenever the dose is found to be above recommended limits. To evaluate the terrestrial gamma dose rate for outdoor occupation, it is very important to estimate the natural radioactivity levels in rocks and soils. The main sources of NORM are members of 238 U ( 226 Ra) and 232 Th decay chains and 40 K that are present in various degrees in all media in the environment, including the human body itself. Since 98.5 % of the radiological effects of the uranium series are produced by radium and its daughter products, the contribution from 238 U and other 226 Ra precursors are normally ignored (1) . In terms of NORM, the igneous rocks of rhyolites, granitic, carbonatite and alkaline composition are enriched in K, Th and U, compared with sedimentary rocks. Nationwide surveys have been done to determine the radium equivalent activity of rock and soil samples in many countries (3 -10) . In Kenya, previous works have shown both low and high levels of environmental radioactivity as reported by Mustapha (11) , Hashim (12) and Achola (13) , who have determined the radionuclide content of NORM in building materials and radiation dose rates. In this study, the authors have determined the activity levels of radionuclides in rock and soil around Mount Homa area in southwestern Kenya. The aim of this study is to determine accurately the levels of environmental radioactivity present in this potential useful area and to quantify the absorbed gamma dose that could affect a large population settling there. This is the first study to assess the level of the background radiation in Mount Homa area.
SURVEY AREA AND SAMPLING
The Homa Mountain is a large carbonatite complex that forms a broad peninsula on the eastern shores of Lake Victoria. It is bound by latitude 08 30 0 N and 08 20 0 N and longitude 338 26 0 E and 348 34 0 E. The complex is defined as a series of cone sheets of carbonatites and breccias intrusions in the oldest rock in the Nyanzian series composed of shattered Nyanzian and ijolites as described by Le Bas (14) and Mulaha (O. Mulaha Timothy, unpublished results). Increased human habitation is encroaching on the carbonatite hills surrounding Mount Homa and satellite hills.
Field measurements and sample collection
Radioactivity measurements were carried out in the field using Radiagem hand-held survey meters that could be coupled with NaI (Tl). The study area, shown in green in Figure 1 , was traversed on foot, and ambient dose equivalent rates in air were measured 1 m (gonad height) from the ground at suitable sites including around dwellings, farmlands, water sources and yet to be settled areas currently used for growing crops, grazing cattle or recreation. The coordinates of the readings were determined by global positioning system. At chosen sites, soil was scooped while rock pieces were chipped from outcrops and transferred to the laboratory. A total of 44 samples were taken after in situ measurements of 210 points.
MATERIALS AND METHODS
Calibration of the Radiagem was done by comparing its readings with those taken with similar equipment exposed to known X-ray and 137 Cs gamma sources. Gamma spectroscopy was used to determine the activities of 40 K, 226 Ra and 232 Th with a p-type intrinsic hyper pure germanium (HpGe) coaxial detector mounted vertically and coupled to a 3 kV digital high-voltage source. The HpGe detector was calibrated for energy and relative efficiency using calibration sources containing 133 Ba, 22 Na, 137 Cs, 54 Mn and 60 Co. A performance test using IAEA (15) standard reference material Soil-375, RGU, RGTh and RGK was used for checking the efficiency of the calibration of the system as done by Mustapha (11) , Hisham (12) and Achola (13) .
Sample preparation and analysis
In the laboratory, these samples were dried in air and then pulverised, homogenised and sieved through 100-mm mesh. The contribution of natural radioisotopes to absorbed dose rate in air (ADRA) depends on the concentrations of the radioisotopes in the rock and soil. The contribution of terrestrial gamma radiation to absorbed dose rate in air at 1 m above the ground (ADRA) can be calculated using the following formula (1, 4, 6, 9, 10) .
where C K , C Ra and C Th are the activity concentrations of Th, respectively, in the rock and soil samples expressed in Bq kg 21 . The world average annual effective dose equivalent (AEDE) from outdoor terrestrial gamma radiation for Mount Homa region was calculated as recommended by UNSCEAR (1) :
where DCF is dose conversion factor (0.7 Sv Gy
21
), OF is outdoor occupancy factor (0.2) and T is the time factor (8766 h) taking leap year into account.
The radium equivalent concept allows a single index to describe the gamma output from different mixtures of uranium (i.e. radium), thorium and 40 K in a material. The radium-equivalent activity was considered (5, 16) .
where C K , C Ra and C Th are the activity concentra 21 . A large number of houses in Mount Homa area are made of mud from the soils with the exception of 10 % houses made of reinforced concrete cement construction. The representative level index I gr of a construction material was used to estimate the level of the gamma radiation hazard associated with natural gamma emitter in the material (5, 7, 8, 16) .
where C Ra , C Th and C K are activity concentrations (Bq kg The gamma activity index I as proposed is one of the health indices dealing with assessment of the excess external and indoor gamma radiation from building materials. In the present work, the relation given by EC (16) is used as shown below:
where C Ra , C Th and C K are activity concentrations (Bq kg 21 ) of 226 Ra, 232 Th and 40 K, respectively, in the samples.
The external hazard index H ex estimates the potential radiological hazard posed by different samples. It is a dimensionless quantity, and a safety criterion for materials used for building construction is that H ex 1 (1, 4, 5, 8) as shown below:
where C Ra , C Th and C K are activity concentrations (Bq kg 21 ) of 226 Ra, 232 Th and 40 K, respectively. In addition to the external hazard, radon and its shortlived products are also hazardous to the respiratory organs. The internal exposure to radon and its daughter products is quantified by the internal hazard index (H in ) (4, 5, 7, 8) .
where C Ra , C Th and C K are activity concentrations (Bq kg 
RESULTS AND DISCUSSIONS
Air absorbed dose rate in air results from survey in situ measurements (2, 17) . Activity concentration, absorbed dose rate and annual effective dose equivalent
The average activity concentrations in the 44 rocks and soil samples from locations in and around Mount Homa and the corresponding ADRA and AEDE are summarised in , respectively (1) ). The standard deviations depict the spatial variation of the activity concentrations of the natural radionuclides in each rock and soil type. This ranged from non-detectable (ND) to highest levels of 3017.8 + 1.5, 1567.5 + 0. 4 Correlation between in situ and laboratory followed by calculation measurements Calculations using equation (1) (2, 17) . A good correlation between the ambient dose equivalent measured with the survey meter and those estimated from the radioactivity concentrations of Th in rock/soil samples was observed. It was noted that the estimated values are, however, lower than the measured. UNSCEAR (1) explains that data from different parts of the world showed that absorbed dose rates in air inferred from concentrations of radionuclides in soil can differ from those obtained through direct measurements by up to 50 %. Several factors do influence the direct ND, non-detectable.
DOSE RADIATION HAZARDS NATURAL RADIONUCLIDES
measurements of absorbed dose rates (13) ; the most relevant to the present study are presence of radon and its gamma-emitting decay products in the atmosphere and the ground roughness. Radon and its decay products which emit gamma are dispersed in the atmosphere and will contribute to direct dose measurements, whereas the dose conversion factors used to convert the radioactivity concentrations of radionuclides into dose do not take into consideration the radon presence in air. Also the terrain around and on Mount Homa comprises hills, sloppy valleys, plateaus, escarpments, troughs, etc., which make the ground surface quite rough rather than flat. On average, the survey meter sees more source volume than the flat interface models assumed in the dose conversation factors derivation. These factors could have contributed to making the results from direct measurements in the present study higher than those calculated. Nevertheless, both sets of results indicate the study area is an HBRA. (22) HBRA, India 1585 44 215 Shanthi (8) Kanyakumari, India 940 20 114 Shanthi (20) Yemen (granite and gneiss) 1 742.8 and 2 341 53.6 and 22 27 and 121 Abd El-Mageed (9) Spain (national average) 650.0 (48-1570) 46.0 (13-165) 49.0 (7-204) Baeza (23) Punjab Province (Pakistan) 615.0 35.0 41.0 Tahir (24) Bangalore ( (19) , Shanthi (8, 20) and Otansev (21) have shown that the presence of radioactive minerals such as zircon, allanite, apatite and monazite in the rocks together with high potassium fledspar correlates well with the high activity measured comparable with the values in Mount Homa area. A comparison of the mean activity concentration values obtained in this study with values from other regions of the world is presented in Table 4 .
Some are the national averages while others are of specific geological rock base or an area of interest. Table 3 shows that the mean activity concentration values obtained in this study are higher than those obtained in all the countries considered, while they are lower than those obtained in India, Yemen, Saudi Arabia and Turkey for 40 K only. The Homa Mountain area thus qualifies to join the ranks of high background radiation areas in the world. Compared with the worldwide average concentration in soils and rocks, the present study results are higher for most of the analysed samples indicating a possible accumulation of 238 U ( 226 Ra), 232 Th and 40 K in Mount Homa region. These radionuclides are dispersed in the region after long-lasting geological processes.
CONCLUSION
Background radiation investigations, a major issue of environmental monitoring studies, have been done all over the world in order to determine the radioactivity in rock and soil samples. This study determined that the average activity concentrations of Mount Homa area samples and calculated radiation indices were much higher than worldwide averages. The annual exposure in HBRA due to external gamma dose is found to be of the order of seven times more compared with the natural background. An excellent correlation is seen between the measured and calculated values of gamma doses indicating the consistency of the measurement methods. It was observed that the common geological characteristics of the areas with the high background radiations were the carbonatites of Mount Homa.
